Introduction
A crucial need exists to understand and map the precipitation types, patterns, and variations of a tropical cyclone (TC) in order to develop better skill in quantitative precipitation estimation necessary for more accurate forecasts of rainfall impacts during landfalling tropical storms and hurricanes. Identification of rainfall Patterns, vertical hydrometeor profiles, and corresponding vertical motions are also necessary for defining latent heat profiles and regions of convective strength, which in turn can be used to improve hurricane intensity change forecasting as well as general numerical weather prediction.
Efforts to identie precipitation characteristics of tropical oceanic convective Jorgensen (1984) used aircraff radar reflectivities to identie mesoscale and convectivescale features of mature hurricanes while Marks (1 985) used aircraft radar reflectivities collected during Hurricane Allen in 1980 to examine the relationship of storm intensity change to rain rate and total M a l l . Burpee and Black (1989) Microwave/Imager (SSM/I) satellite observations. Cecil and Zipser (1999) examined the relationship of satellite observations of passive 85.5 GHz ice scattering signatures and lightning in TC eyewalls and rainbands to future TC intensity change. Cecil and Zipser (2002) examined relationships between satellite passive microwave, radar, lightning and inferred microphysical characteristics of eyewalls and rainbands. Simpson et al. (1998) explored cloud electrification and lightning linked to the vertical radar structure and other features of the clouds in a study of cyclogenesis in TOGA-COARE associated with TC Oliver.
In general, satellite, aircraft and ground-based information have their own advantages and disadvantages for TC study. Aircraft and ground-based instrumentation provide detailed information of TC features but may be limited in complete spatial coverage of a TC. Conversely, satellites are able to provide snore complete spatial coverage of a TC in a wide variety of global locations includii remote areas inconvenient for aircraft study. However, the coarser spatial resolution of some satellite observations may not be able to discern convective-scale features. Temporal sampling fiom low earth orbit is limited to every three hours at best. These lower spatial and temporal resolutions fiom satellites are disadvantages for understanding TC structure and intensity change. Additionally, many satellite algorithms still require aired or ground-based information for validation purposes.
In an effort to address a need for detailed information regarding the variability of TC characteristics within the global water cycle and to validate satellite moisture measurements of the TRMM, a comprehensive volume of information using spacebome, airborne, and ground-based instrumentation was collected during the Third Convection This study demonstrates a methodology to merge the information content of several CAMEX remote sensors into a format that highlights the type and convective strength of the TC precipitation elements sampled. In particular, this study examines information collected by the AMFX, the ER-2 Doppler (EDOP) radar, and the Lightning Instrument Package (LIP), which were deployed aboard the NASA ER-2 high altitude aircraft. Descriptions of the instruments are presented in Section 2. A rainfall screening technique has been developed using AMPR passive microwave observations of these tropical cyclones and other precipitation systems sampled during other field opportunities. The rainfall classification was then verified using vertical profdes of EDOP reflectivity and lower altitude horizontal reflectivity scans collected by the NOAA An example of AIWR TB imagery is presented in Fig. 1 In Fig. 1 indicate large quantity andor mass of ice. Note that the eye is almost obscured at this frequency probably due to thin clouds andor high water vapor content. The spray of small dots found in Fig. 1 corresponds to geolocation during aircrafl turns.
b. The ER-2 Doppler Radar (EDOP)
The EDOP, operating at 9.6 GHz, provides high resolution (Le., 37.5 m vertical, with the horizontal fmtprint varying from about 400 m at the tropopause level to 1.2 km at the surfice) time-height sections of reflectivity and vertical hydrometeor velocity in the 
c. The Lightning Instrument Package (LIP)
The LIP consists of eight state-of-the-art, low-noise, high dynamic range electric field mills on the aired3 (three mills per instrument superpod mounted on each wing and two on the fuselage). With these sensors, the full vector components of the atmospheric electric field @e., &, E, , , E.J are obtained, providing detailed information about the electric structure within and around the storms overflown. The field mills measure the components of the electric field over a wide dynamic range extending from fair weather electric fields (i.e., a few V m-I) to large thunderstorm fields (i.e., tens of kV m-'). The set of equations that relate the field mill outputs to the atmospheric electric field is determined by an iterative calibration process (Mach and Koshak 2003) . Total lightning (i.e., intracloud and cloud-to-ground) is identified from the abrupt changes in the electric field data.
Method of analysis
a Hydrometeor classification using M R An AMPR Precipitation Index (API) has been developed that utilizes the brightness temperature information for precipitation and clouds over an ocean background at the four frequencies to produce a single index value at each AMPR footprint. The goal of the API development is to combine the information content of the four fiequencies into an intuitive format that readily identifies the gross vertical structure of the hydrometeors at a given pixel location. The method is not meant to be a replacement for the iterative hydrometeor retrieval of Skofronick-Jackson et al. (2002) or the texture-polarization method of Olson et al. (2001) . The Skofionick-Jackson retrieval method uses nadir aircraft observations of active and passive microwave sensors and a cloud resolving model to deduce vertical content and particle size distribution. The Olson method is a satellite technique for conically scanning passive microwave radiometers that estimates the area coverage of convective and stratiform precipitation using 85.5 GHz polarization information and lower frequency texture data correlating local maximum signatures to neighboring footprints. The API, on the other hand, is presented as an alternate approach that is a computationally easy method to map and identi@ precipitation type for the extensive precipitation data sets collected by the AMPR during CAMEX-3 and CAMEX-4 or future data sets requiring real-time analysis. The API technique presented here is dependent upon the scanning strategy of the AMPR, but could be readily adapted for other radiometer scanning strategies or expanded to include information from other sensors.
In general, the API reflects the magnitude (mass) of liquid water and precipitationsized ice aloft It is based on physical concepts of microwave rain emission and ice scattering discussed in the literature (e.g., Wilheit et al. 1977 , Wu and Weinman 1984 , Wilheit 1986 , Spencer et al. 1989 , Smith et al. (1994 ). The indices are listed in Table 1 along with color codes (for imagery), descriptors, and estimated rain rates. These rain rates are presented for illustrative purposes only. The conversion of TB to quantitative rain rate is beyond the scope of this paper. Instead, the emphasis is on initial precipitation screening following the example of Fenaro et al. (1998 In general, the larger the ice particles that are present, the longer the wavelength that will be scattered. This relationship can be used as a surrogate indicator of vigorous convection. For liquid rainfall in the absence of appreciable precipitation-sized ice, the higher frequency channels usually have greater TI3 than the lower frequency channels. In such cases, the precipitation index has values of 3 through 5. These are shown in blue in Table 1 , with darker blues indicating greater 10.7 GHz emission (Le., more rain).
However, if TB85 is less than TB37 and less than a threshold of 275 K, it is likely displaying the effects of ice scattering. If only the 85.5 GHz channel is scattered (Le., ice is large enough to scatter 3.5 mm wavelength radiation), an index of 6 through10 is assigned (green shades). If TB37 is also less than TB19, we interpret this to mean the ice is large enough to scatter the 37.1 GHz channel (8.1 mm wavelength), and an index of 11 to 15 is assigned (shades of yellow/red). If the ice present is large enough to scatter the 19.3 5 GHz channel (1.6 cm wavelength), then TB 19 is decreased to a value less than TB10. An index of 16 to 18 is assigned (shades of violdpuple). The strongest convection (with the largest ice) also scatters the 10.7 GHz channel, but this is not incorporated into the algorithm because a lower frequency would be required in the current framework.
b. Verijication using EDOP information
The API has been compared with EDOP reflectivity profiles for the tropical cyclone From the set of observed reflectivity profiles, a characteristic (median) profile is assigned to each MI. These characteristic profiles are shown in Fig.2 , and are used to produce simulated radar reflectivity h m the AMPR measurements. The variability about each characteristic profile is assessed using cumulative density function (CDF) of reflectivity. Such CDFs for some of the most common API values are shown in the panels of Fig. 3 . Although beyond the scope of this paper, the precipitation index can be applied to various problems after converting to rain rate or ice mass. This can be accomplished by using Figs. 2 and 3 with a radar reflectivity -rain rate (Z-R) or other suitable relationship for a particular application.
The reflectivity profiles veri6 that the precipitation index provides a measure of the precipitation and clouds in the vertical profile at nadir. When the API identifies neither rain nor cloud, there is usually no reflectivity detected by EDOP in Fig. 3a . Only in fate cases does the reflectivity exceed 10 dBZ. Some non-precipitating clouds go undetected by API, but cloud identification is secondary to our goal of precipitation mapping. The cloud categories (1 and 2) also tend to have low (or subdetectable) reflectivities (Fig. 3b) .
It is more common to find measurable reflectivity near the surface in category 2 (not shown), suggesting that shallow, very light rain is sometimes included.
The shallow rain categories (3 to 5) do reliably indicate surface precipitation (Fig. 3c-d ). These "shallow" rain profiles sometimes include an ice layer, but with low reflectivity values (i.e., small ice is unable to trigger the larger M I categories). The higher 10.7 GHz emission thresholds in categories 4 and 5 result in larger low-level reflectivities fiom the liquid rain layer (Fig. 2) .
Categories 6 through 10, those having only the 85.5 GHz channel scattered, consistently include an ice layer detectable by EDOP (Fig. 3e-f) . The reflectivities offen decrease sharply from the liquid layer through the ice layer, indicating that any convection is weak. Radar bright bands are often present (except in category 10) and are indicative of stratiform rain. As intended, the liquid rain rates increase with increasing 10.7 GHz emission thresholds in categories 6 through 10 (Fig. 2) . Reflectivities above the fkeezing level are similar for each of these categories, because they share the same 85.5 GHz scattering criteria.
Categories 1 1 through 15 (i.e. those having the 37.1 GHz channel scattered) consistently have convective profiles with a deep layer of reflectivity greater than 20 dBZ (Fig. 2) . Categories 16 to 18 (with the 19.35 GHz channel scattered) include the strongest convection, with 30+ dBZ radar echoes well above the fieezing level (Fig. 2) . In this last set of categories ( 16-1 8) (Fig. 2) . This is an unintended result, but enables us to better resolve strong convection. The precipitation mass aloft in these categories attenuates the low level reflectivities. Even though attenuation has been accounted for following the alphaadjustment technique (Iguchi and Simpson et al. (1998) l. For the ER-2, the vector electric field is derived using the outputs measured by the eight electric field mills installed on the aircraft The set of equations that relate these field mill outputs to the external electric field is represented as a matrix equation. Calibration of the field mill set on an aircraft involves the determination of the matrix coefficients using an iterative process (Mach and Koshak 2003) .
For this paper, calibrated electric field data are merged with the AMPR data by projecting the three-dimensional vector electric field onto the aircraft track as seen in Diverse precipitation structures were observed, allowing us to illustrate many MI, electric field, and radar characteristics in a single example. As mentioned in the previous section, the API and electric field vectors are mapped in Fig. 4 between 1500-1600 UTC.
This begins with a radial leg from the eye to the southwest quadrant, then a downwind leg from west to east, and an overflight of the eye with an exit to the northwest over land.
The ER-2 flight track is overlaid on a 1501 UTC reflectivity image from the NOAA-42 P-3 lower fuselage radar in Fig. 5 . The two figures show similar horizontal structure, considering that the precipitation field advects and evolves during the one-hour flight pattern. The greatest radar reflectivity values are seen in the western portion of the outer eyewall (not observed by this ER-2 flight segment but present in Fig. 5 ) and also in the southern and southeastern portions of the outer eyewall. The strongest electric fields and the largest API values (i.e., deepest and strongest convection) are observed while the ER-2 crosses the southeastern portion of the outer eyewall near 32.5N, 77.4 W (Fig. 4) . In the southwestern portion of this flight segment, enhanced API and electric fields suggest strong convection to the left of the flight track. Several lightning flashes are detected, although they are not apparent with the data resolution plotted in Fig. 4 . The suggested location of strong convection is consistent with the NOAA P-3 reflectivity patterns in the southern portion of Fig. 5 , where enhanced eyewall reflectivity and some banding are seen just outside the eyewall.
The southeast-to-northwest eyewall overpass in Fig. 4 is examined in further detail. Consider the vertical cross-section of reflectivity (Fig. 6) , the vertical electric field and API (Fig. 7) , nadir brightness temperatures (Fig. 8) , and simulated radar reflectivity (Fig. 9) derived from the median reflectivity profiles for each API value in Fig. 2 . At far left (southeast) in Fig. 7 , API = 1 suggests non-precipitating clouds. EDOP agrees, with only weak reflectivities (< 0 dBZ) around 6 and 12 km altitude. Following the flight track, next the API increases to values of 6 to 8, indicating rain with moderate ice. Indeed, the EDOP measures > 30 dBZ near the surface with > 10 dBZ reflectivity extending about 3 km above the bright band. The local maximum of API = 8 (heavy rain, moderate ice) coincides with the local reflectivity maximum (> 55 dBZ near the surface at x = 22 km). The moderate ice categories are barely triggered, with the 85.5 GHz TB only a few degrees K less than the 37.1 GHz TB (Fig. 8) . Because the ice Scattering criteria are only minimally met, the reflectivity simulated by API in Fig. 9 overestimates the vertical extent of precipitation in this region.
Continuing along the flight track, the API briefly decreases to 3 while reflectivity through the vertical column also decreases. The flight segment then encounters a thick anvil beginning around x=30 km, with echo tops reaching 16 km, API returning to values of 6 and 7, and the vertical electric field becoming slightly negative. This excursion of the electric field may be due to a weak positively charged layer near the top of the anvil, which is only -4 km below the aircraft API values between 6 and 9 vary With reflectivity in the rain layer. There is a close correspondence between API maxima (e.g., at x = 47 km, x = 75 km) and reflectivity maxima The vertical electric field (E, ) becomes strongly positive and peaks at x = 90 km just before the eyewall reflectivity and scattering cores. This may be due to the sloping eyewall and the 20+ km altitude of the E, measurements. Peak E, at flight-level coincides
with peak reflectivity at -1 1 -13 km altitude and the highest 10-20 dBZ echo tops). E, then decreases rapidly while the echo top heights also decrease.
API increases to 14 and 15 (heavy rain with heavy ice) on the edge of the eyewall reflectivity core, and then increases to 16 through 18 (intense ice) over the core itself.
This increase of API results from the lower frequency channels successively being scattered by larger graupel andor hail. The peak 19.35 GHz scattering at x = 92 km is slightly offset from the peak 10.7 GHz emission at x = 95 km. This may be another result of the sloping eyewall, perhaps coupled with slight scattering in the 10.7 GHz channel at x = 92 km. The region with strongest electric field and most significant scattering also includes the strongest upper-level updrafts (Fig. 10) . Future work will attempt to q u a n w this relationship.
Inward (further right in the Figs. 6-10) from this outer eyewall is mostly shallow rain. Some of it is glaciated, but having low reflectivities above the bright band with minimal AMPR ice scattering signatures (values less than 6). AMPR does detect the inner eyewall on the southeast side at x = 150 km, with API = 7. Clouds are indicated inside the eye, with API values of 1 and 2 at x = 155-1 85 km. This is consistent with OUT visual observations from the NASA DC-8 aircraft, which was flying with the ER-2 during this mission. API suggests a broad region of shallow, light rain between x = 185-250 km and fails to detect the deep ice layer above the northwest inner eyewall at x = 200-220 km. This feature is too weak for the API to handle properly; reflectivities are mostly below 20 dBZ both aloft and in the rain layer. There is a hint of 85.5 GHz scattering and some 37.1 GHz emission, but the algorithm requires more of either scattering or emission in order to trigger an ice index (i-e., API 6 or greater, with TB85 < TB37). Consequently, the simulated reflectivity (Fig. 9) underestimates the vertical extent of this fature.
Inclusion of a higher fiequency channel (more sensitive to smaller ice) would likely help in situations such as this.
Between x = 220-250 km, the API correctly identifies the shallow (-2 km) rain on the inner edge of the sloping outer-eyewall. The identification by API is qualitatively correct, but the simulated reflectivity overestimates the depth of the rain and underestimates the magnitude of the rain. EDOP vertical velocities show a shallow eyewall updraft (Fig. 10) ; the ice scattering design in the API is not particularly suited to detect this. On the far right (northwest side) of the cross-section, the rain increases in both depth and magnitude as API increases fkom 3 to 4 and then to 8. This cross-section was chosen becaw it demonstrates a wide variety of vertical structures, and includes all but the least common API values. Comparing API with reflectivity in this example, API does behave as qualitatively intended with very few exceptions. The simulated reflectivity shows structure similar to that measured by EDOP along the southeastern radial (the left half of the cross-section). In particular, the identification of localized rainfall maxima and the discrimination between different depths of precipitation is encouraging. The northwestern portion, particularly around x = 200-250 km, points out limitations of the API algorithm, as a deep layer of very light rain and ice is not distinguished from a shallow layer of heavier rain.
Summary
An oceanic precipitation screening technique that combines the information content of the four AMPR frequencies at a given data pixel into one precipitation index is presented. The technique, which has been verified with EDOP and NOAA P-3 data, shows promise as a computationally easy rainfall mapping tool suitable for application to high spatial and temporal resolution airborne data. Merger of the precipitation index with three-dimensional electric field data readily identifies the convective strength of embedded cells within precipitation systems. Further study using this type of analysis will examine the other CAh4EX precipitation cases to quanti@ the relationship between lightning and microwave information as a surrogate indicator of convective stmgth. A more extensive examination of the NOAA P-3 radar information and the CAMEX microphysical data will be conducted to explore the feasibility of adding a rain rate conversion algorithm to the API screening technique for use as quantitative precipitation estimation tool.
The synergy of the AMPR, EDOP, and LIP data sets has been presented here not only as research tool for those interested in hurricane studies or as a validation tool for those developing satellite rainfall algorithms, but also as an example of how airborne information may be merged into real-time observational products. Future concepts for Earth observation include adding airborne platforms such as uninhabited aerial vehicles or ultra-long duration balloons into a mixture of spaceborne and surface-based assets comprising a flexible, adaptive global observation network. Within these types of frameworks, an airborne vehicle could be positioned to provide high spatial and temporal coverage of a critical weather event in concert with spaceborne and surface instrumentation so that the best combination of information is used for observation and prediction of the event outcome. As technical development of airborne platforms for this type of use progresses, appropriate airborne instrumentation and data algorithms should be identified that provide the maximum amount of information using the most feasible airborne payload for a given application. This study presents instrument candidates that could be used for high altitude monitoring of precipitation type and convective strength for tropical cyclone and other precipitation systems. The research and operational communities should also examine many other types of instruments and flight altitudes in order to choose the optimal mixture of observations. Acknowledgements. 
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